1. Introduction {#s0005}
===============

High risk MDS and AML are heterogeneous myeloid malignancies and usually have a very poor prognosis. Advanced age and co-morbidities often make the patients unsuitable candidates for intensive chemotherapy or allogeneic stem cell transplantation (allo-SCT) [@bib1]. New less toxic treatments that improve response rates and extend survival are needed for such patients. In this phase I study, we sought to determine safety and efficacy of sequential therapy with low-dose clofarabine and lenalidomide in high risk MDS and AML. Both clofarabine lenalidomide have partial efficacy as single agents for MDS and AML [@bib2], [@bib3]. Although the immunomodulatory effects of lenalidomide are well described [@bib4], [@bib5], little is known about the effect of clofarabine on cellular immunity. We hypothesized that the lymphocyte depleting effect of clofarabine would create a favorable immunological microenvironment for subsequent lenalidomide therapy promoting T cell and NK cell reconstitution. Here we report cellular immune profiles of the four cases receiving sequential clofarabine and lenalidomide for high risk MDS and AML.

2. Materials and methods {#s0010}
========================

The study was designed as an open label, single institution phase I study at the National Heart, Lung, Blood Institute, National Institutes of Health and was approved by Institutional Review Board ([NCT01629082](ctgov:NCT01629082){#ir0005}). All patients signed an informed consent prior to enrollment and the study was conducted in compliance with the Declaration of Helsinki. The eligibility criteria included patients with a diagnosis of high risk MDS, CMML, and AML who were not candidates for standard intensive chemotherapy or allo-SCT and had failed at least one prior therapy. Subjects received a single course of intravenous low-dose clofarabine 5 mg/m^2^/day for five days. At 28 days after induction therapy, oral lenalidomide therapy was initiated with dose escalation from 25 mg to 50 mg daily for 21 days of 28 days for up to 12 cycles. Response assessment was performed according to International Working Group (IWG) response criteria [@bib6]. Detailed study design was described in [Supplementary material](#s0040){ref-type="sec"}. Flow cytometric analysis was performed to characterize T cell and natural killer (NK) cell subsets, with functional markers of T cell exhaustion and activating and inhibitory NK cell receptors. Antibodies used in the panel are listed in [Supplementary Table 1](#s0040){ref-type="sec"}. Relative changes in RNA expressions of various genes related to cancer immunology were evaluated by custom made 384 well PrimePCR™ Assay Panels for Real-Time PCR (Bio-Rad Laboratories, Hercules, CA, USA).

3. Results {#s0015}
==========

Table 1Clinical and Hematological Characteristics of study population.Table 1Subject IDUPN1UPN2UPN3UPN4Age (years), gender79, male70, male60, female64, maleDiseaseRAEB-I\
IPSS intermediateRAEB-II\
IPSS high riskAML with multilineage dysplasiaAML with multilineage dysplasiaCytogenetic abnormalitydel(12)(p11.2p13),\
+8-Ynormal−7, inv (9)(p11q13),Prior treatmentAzacitidine, DecitabineAzacitadine, Revlimid (10 mg) growth factorsAzacitadine, hydroxyureaAzacitadine, HIDAC\
MEC\
FLAG\
Auto BMTResponse to clofarabineStable DiseaseStable DiseasePartial ResponseRefractory DiseaseOff treatment reasonDisease progressionDisease progressionDLT-liverDisease progression[^4]

Fig. 1Lympho-depleting effect of clofarabine. A. PBMC samples (n=4), were collected pre clofarabine(pre-clo) and 28--42 days post clofarabine(post clo). Analysis of post clofarabine samples showed persistently low (UPN1 and UPN2, stable disease) and decreased (UPN3, partial response) absolute lymphocyte counts. In contrast absolute lymphocyte count was increased in UPN4 (refractory disease). B. All lineages of lymphocytes, CD4 T cells, CD8 T cells, NK cells and B cells were decreased in subjects with stable disease (SD) and partial responder (PR),however CD4 T cells, CD8 T cells, and NK cells were increased in subject with resistant disease (RD).Fig. 1.

Fig. 2Restoration of NK cell repertoires after clofarbine treatment. A.CD56^bright^NK cells were increased in all subjects. B. CD56^dim^NK cells were unchanged or decreased in subjects with stable disease and partial responder. In contrast, CD56^dim^NK cells were increased in subject with refractory disease. C. CD56^dim^CD57^+^NK cells were increased in only subject with refractory disease (UPN4). D. CD56^dim^LIR1^+^NK cells were increased in only subject with refractory disease (UPN4).Fig. 2.Fig. 3Trend in absolute lymphocyte count (ALC), absolute monocyte count (AMC), PD1^+^CD4 T cells, and CD57^+^LIR^+^NK cells through the study period. A. Peripheral blood counts in UPN1 showed lympho-depletion post clofarabine with stable recovery of lymphocytes and monocyte counts during lenalidomide therapy. In addition, steady decline in absolute number of PD1^+^CD T cells was found through the lenalidomide therapy. B. In UPN2, lenalidomide therapy was delayed due to neutropenia. There was a reciprocal rise in absolute number of PD1^+^CD4 T cells after lenalidomide therapy.Fig. 3.

4. Discussion {#s0020}
=============

In this pilot study, we report that sequential treatment of low dose clofarabine and lenalidomide is safe and feasible for elderly patients with high risk MDS and AML. Only one subject developed dose limiting toxicity (liver dysfunction) from lenalidomide consolidation therapy. *Pre-treatment* samples uniformly demonstrated high expression of the exhaustion markers (PD1, LAG3, and TIM3) in T cells which are known to cause functional impairment of T cells. A recent study showed that cancer specific T cells were highly enriched in the PD1^+^ T cell population [@bib7]. We also found that NK cells had higher expression of LIR1, an inhibitory molecule known to induce impairment of leukemia killing [@bib8]. These findings suggest that both T cells and NK cells are functionally impaired in high risk MDS or AML, possibly due to immune editing by the malignant cells [@bib9], [@bib10]. In responders and stable disease subjects clofarabine induced significant lympho-depletion and decreased the numbers of exhausted CD4 T cells and terminally differentiated NK cells with inhibitory markers. However, the dynamics of T cell exhaustion markers were variable during lenalidomide therapy and further study will be needed to elucidate the role of T cell subset profiles in high risk MDS and AML. Small sample size limits the generalization of our findings to clinical practice. Nonetheless our study sheds light on the immune-modulating effects of clofarabine and lenalidomide and suggests that immune profiling can be used to guide treatments aimed at boosting immunity to leukemia in high risk MDS and AML.
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